Using the same screening procedure employed by Gwinn and Thorne (3), Leonard et al. (4) also found certain mutants to be transformable when grown under appropriate conditions. These workers confirmed the findings that the ability to synthesize glutamyl polypeptide is a transformable characteristic, and that mucoid auxotrophs (peptide+) transformed much less readily than rough auxotrophs (peptide-). In a more recent report, Leonard and Mattheis (5) described improvements in the transformation system they developed and reported the isolation of colonial variants that transformed at higher frequencies than the original isolates.
Using a screening procedure based on the occurrence of transformation from auxotrophy to prototrophy on minimal agar plates, Gwinn and Thome (3) showed that certain mutants derived from Bacillus licheniformis 9945A were transformable when grown under the test conditions employed. One of these mutants, M28 (glycine-), was studied further, and some factors affecting its transformation were investigated, although, under the best conditions, only about 10-6 of the recipient cells transformed. The parent wildtype strain produces large amounts of glutamyl polypeptide when grown appropriately (7) , and on minimal agar plates it produces mucoid colonies (peptide+). The mutant M28 was rough (peptide-), and, with appropriate deoxyribonucleic acid (DNA), it could be transformed to peptide+ as well as to prototrophy. The rough character of M28 was related to its ability to be transformed, because glycine-peptide+ strains prepared by transforming M28 to peptide+ were much less susceptible to transformation to glycine+ than the original M28. Using the same screening procedure employed by Gwinn and Thorne (3), Leonard et al. (4) also found certain mutants to be transformable when grown under appropriate conditions. These workers confirmed the findings that the ability to synthesize glutamyl polypeptide is a transformable characteristic, and that mucoid auxotrophs (peptide+) transformed much less readily than rough auxotrophs (peptide-). In a more recent report, Leonard and Mattheis (5) described improvements in the transformation system they developed and reported the isolation of colonial variants that transformed at higher frequencies than the original isolates.
Our present report gives improved conditions for transformation of the original M28 mutant and describes the isolation, by a procedure different from that described by Leonard and Mattheis (5) , of derivatives of M28 that trans-form at greater frequencies. Included also are results of studies in which the conditions for transforming the M28 series of mutants, referred to here as the M28 system, were compared with the different conditions that were described for transforming the mutants isolated by Leonard and Mattheis (5) . M18 was chosen as being typical of their mutants, and this system will be referred to as the M18 system. The two systems arose as a result of the fact that different mutants require different conditions for growth of cells capable of developing competence. An attempt is made to bring together in one place the essential features and procedures of both systems to facilitate the use of B. lichenifonnis transformation by other workers who may wish to use it as a tool in genetics studies.
MATERIALS AND METHODS
Organisms. The wild-type prototrophic strain was B. licheniformis ATCC 9945A. All the mutants were derived from 9945A, and they are listed and described in Table 1 .
Media. Most of the media used in the transformation experiments are listed in Table 2 . Minimal 10 was minimal 1 supplemented with L-alanine, DL-valine, L-leucine, L-isoleucine, L-serine, and L-threonine, each at a concentration of 160 mg per liter. We developed this medium for B. cereus, but it was shown to give good recovery of B. licheniformis transformants. Transformants grew faster on it than on minimal 1, and, therefore, it was often used with auxotrophs not requiring any of the six supplemental amino acids.
NBY medium was composed of 8 g of Difco nutrient broth and 3 g of Difco yeast extract per liter. Tripledistilled water was used to prepare all media. Solid media were prepared with 15 to 20 g of agar per liter.
In preparation of minimal 1 and minimal 10 agar, all the constituents except FeCls, glucose, and agar were autoclaved together at double strength, and equal volumes of this and sterile double strength molten agar were combined. FeCl3 and glucose were always added aseptically. When it was necessary, in order to score transformants, to add supplements to minimal agar, they were added aseptically in the following amounts (in milligrams per milliliter); glycine, 1.0; other amino acids, 0.03; adenine sulfate, 0.03; Difco Casamino Acids, 1.0 or 0.1, as indicated. NBSG-X broth was prepared by dissolving the phosphates and (NH4)2SO4 in about one-half the final volume of water, adjusting the pH to 8.0 with NaOH, adding this solution to a second solution containing the nutrient broth, MgSO4, and sodium citrate, and adding water to a final volume of 1 liter. The medium was sterilized in 100-ml portions in 250-ml flasks, and, just before inoculation, the following were added to 100 ml: 0.5 ml of FeCls-6H20 (8.0 mg/ml), 0.1 ml of MnSO4 H20 (2.5 mg/ml), and 2.0 ml of glycerol (250 mg/ml). The desired amount was then transferred to a sterile flask.
In preparation of the other media listed in Table 2 , NBSG, TM, BLSG, and BL, the following constituents were sterilized individually and added aseptically: FeCl1, MnSO4, CaC12, NaCl, L-tryptophan, glucose, glycerol, and hydrolyzed casein.
Cultural conditions. Spores were produced in potato extract medium as described by Thorne (6) . Cells for transformation were grown in the appropriate broth in (Table 4) M28 (ii) Cultures were diluted 1:10 or more in TM broth, and 25 ml was incubated in a 250-ml shaken flask. At the desired times, 0.9-ml samples were removed to tubes with 0.1 ml of DNA. In experiments with M18 and M18-D1, cultures were diluted about 1:20 in BL broth and 25 ml in 250-ml flasks, or 0.9-ml samples in tubes were incubated with shaking. After the desired periods of time, 0.1 ml of DNA was added to 0.9 ml of cells. Since details of the transformation procedure varied somewhat from one experiment to another, the exact procedure is always given with the results. In all the experiments reported here, the final concentration of DNA in transformation mixtures was 32 ,ug/ml; this amount was shown to be an excess. For scoring transformants, samples were diluted in the same kind of broth used in the transformation mixtures and were plated on the appropriate minimal agar. Transformants of M28 were conveniently scored on minimal agar with 0.1% of Casamino Acids. This amount of Casamino Acids did not contain enough glycine to allow the glycine auxotroph to grow into full-sized colonies, but it allowed the transformants to grow faster. With the gly/ser-mutant, a concentration of Casamino Acids greater than 0.01% gave too much background growth of the auxotrophic cells. Transformants of the M18 series of mutants could be scored after plates were incubated for 36 to 40 hr. The M28 series of mutants grew more slowly, and transformants could not be scored accurately before 48 hr. All the mutants used in these experiments were very stable; revertants were rarely, if ever, seen. However, appropriate controls for detecting revertants were always included in transformation experiments.
DNA. DNA was prepared as described by Gwinn and Thorne (3) . Cells for DNA extraction were grown in NBY broth as described by those authors, except that the inoculum of spores was reduced to 103 per milliliter. With this amount of inoculum, very few, if any, spores were present in 16-hr cultures, and there was no difficulty in preparing sterile DNA. For storage at 5 C, as well as for use in experiments, DNA was in solution in 2 M NaCl. DNA was determined by the method of Burton (2) .
RESULTS
Transformation frequencies of M28 cells grown under various conditions. NBSG medium was the best of the media tested by Gwinn 0.1 to0.3 * The medium was NBSG-X. A 0.1-ml amount of cells, 0.1 ml of wild-type DNA, and 0.8 ml of TM broth were incubated for 3 hr. Transformants were scored on minimal 1 agar supplemented with 0.1% of Casamino Acids. ml, the long incubation period required was inconvenient. Therefore, the next best set of conditions, 25-ml volume and pH 8.0, was adopted for further studies. When M28 was grown for 18 to 20 hr under these conditions, 0.1 to 0.3% of recipient cells were transformed when incubated with DNA in TM broth for 2 to 3 hr. For the remainder of the experiments reported here, except when otherwise stated, cells of the M28 series of mutants were grown in this manner.
Early tests revealed that these conditions, which were optimal for M28, were not specific for cells with the gly-marker. M28-D14-3 is a gly+ leutransformant derived from M28-D14 (gly-leu-)
by Gwinn and Thome (3). When it was tested by the standard procedure adopted for M28, 0.6 to 0.7% of the cells were transformed during a 3-hr exposure to DNA.
Transformation frequencies of mutants derived from M28. Spores of a rough, prototrophic transformant of M28, M28-RT, were irradiated with ultraviolet (UV) to induce mutations, and new auxotrophic mutants were isolated. A number (50) of these were tested for ability to be transformed, and some of the results are shown in Table 4 . The transformation frequencies varied over a wide range, from a low of 0.0002% to a high of 3.3 %. There was no apparent correlation between nutritional requirements and transformation frequency. M28-RT-M20, which gave the highest frequency, required either glycine or serine for growth. That this was a different marker from the glycine marker in M28 was confirmed by the fact that DNA from one mutant would transform the other to the same extent as wild-type DNA.
Similar results to those above were obtained when new auxotrophic mutants were isolated after UV irradiation of a prototrophic trans- formant derived from M28-D14-3. Among the 35 tested, 2 gave transformation frequencies higher than the parent; M28-D14-3-RT-M8 (his-) and -M43 (arg-) gave frequencies of 2% and 1.5%, respectively. In these tests, the parent, M28-D14-3, gave a frequency of 0.6%. It is interesting that a mutant requiring either glycine or serine was also isolated in these experiments; however, it transformed at the same frequency, 0.6%, as the parent, M28-D14-3.
Transformability of strains prepared by transforming markers into recipient cells. Since it appeared that changes in capacity to be transformed often occurred during the process of preparing marked strains by irradiating spores with UV and selecting auxotrophic mutants, it seemed desirable to be able to prepare suitably marked strains by transforming markers into highly transformable mutants. Experiments were done to determine whether prototrophic transformants retained the ability to serve as recipient cells for transformation. Two prototrophic transformants (peptide-) resulting from exposing M28-RT-M20 (gly/ser-) to wild-type DNA were selected and purified by streaking on minimal agar and picking single colonies. Both of these transformants retained the ability to develop competence, as determined by their capacity to be transformed from peptide-to peptide+. An example of the results obtained with one of them, M28-RT-M20-RT, is shown in Table 5 .
Competent cells of the prototrophic transformant, M28-RT-M20-RT of Table 5 , were transformed with DNA prepared from M28-D14-3-RT-M8 (his-), and transformation mixtures were plated on NBY agar to produce isolated colonies. Colonies were picked at random and tested for the ability to grow on minimal 1 agar, and those that did not grow were shown to be his-. Each of six such strains tested transformed to prototrophy at a frequency similar to that obtained with the original recipient parent strain, M28-RT-M20. Table 5 includes an example of the results with one of these strains, M28-RT-M20-RT-T4.
In a manner similar to that just described, the his-marker of M28-D14-3-RT-M8 was transformed into cells of M28-RT-M20 (gly/ser-), and doubly marked strains were isolated. Four of these were tested for transformation, and they all transformed well for each of the two markers. Results with one of them, M28-RT-M20-D5, are included also in Table 5 .
Specificities of growth media for the two transformation systems. Following the procedure reported by Leonard and Mattheis (5) and using one of their mutants, M18 (arg-), we were able to reproduce the frequencies of transformation they reported. We were also able to prepare suitably marked strains in that system by transforming desired markers into appropriate cells. For example, Table 6 gives results of a transformation experiment with the doubly marked strain, M18-D1 (arg-ad-). This strain was prepared by transforming M18 (arg-) with DNA isolated from M17 (ad-). When appropriate DNA was used, the cells transformed for each of the two markers at a high frequency.
The data in Table 7 demonstrate the specificities of the two growth media, BLSG and NBSG-X, for the M18 and M28 types of mutants, respectively. The results of experiments 1 and 3 in the table show that the two transformation media, TM and BL, gave similar results, and that they could be used interchangeably for both systems. The data of experiment 2 show the superiority of BLSG over NBSG-X medium for growing recipient cells of M18-D1. The optimal concentrations of glycerol for the two media are different, 1.2% for BLSG and 0.5% for NBSG-X. However, increasing the concentration of glycerol to 1.2% in NBSG-X did not improve this medium for M18-D1. The results of experiment 3 in Table 7 show that BLSG is inferior to NBSG-X as a growth medium for recipient cells of M28-RT-M20-RT-T1O. This finding was confirmed for Routinely, BLSG was used in 50-ml amounts in 500-ml flasks, since this was the recommended procedure (5). However, in experiments not shown here, results with M18-Dl grown in 25 ml of BLSG in 250-ml flasks were similar to those obtained routinely.
The difference between the M28 and M18 types of mutants does not appear to be attributable to the presence of particular nutritional markers.
The data in Table 7 provide evidence for this. The ad-marker was transformed into each of the two mutants used in these experiments with the use of DNA isolated from M17 (ad-). M17 is highly transformable under the same conditions that are optimal for M18 (5) . When the ad marker of M17 was put into M18 (arg-), the characteristics of this mutant with respect to transformation did not change. Likewise, the original specificity of M28-RT-M20 with respect to growth medium for optimal transformation was retained when the ad-marker of M17 was put into M28-RT-M20-RT.
Development of competence in transformation medium. We, as well as Leonard and Mattheis (5), had assumed that cells of transformable mutants of B. licheniformis became competent in their growth medium in the stationary phase. The fact that the age of the culture was a critical factor in controlling the frequency of transformation contributed to this belief. However, in experiments designed to test this hypothesis, we obtained evidence that cells did not become competent, at least to any great extent, in their growth medium, but that appropriately grown cells developed competence during incubation in transformation medium. The data in Table 8 demonstrate that cells of M28-RT-M20-D1 (gly/serhis-) became competent during incubation in TM broth. In this experiment, samples of culture diluted in TM broth were incubated in a series of tubes; at hourly intervals DNA was added to one of the tubes, and incubation was continued for 30 min. Without any period of incubation in TM broth before addition of DNA, only 0.1 % of the cells transformed; with longer periods of incubation in TM broth, the proportion of transformed cells increased to a maximum of about 2%. In several experiments, maximal competence was 4.4 RT-T1O (act) * Recipient cells of M18-D1 were grown for 18 hr and those of M28-RT-M20-RT-TIO for 16 hr, the respective optimal times. Except for experiment 5, cells were diluted 1:20 in transformation medium, and 25 ml was incubated in 250-ml flasks for 4 hr. Samples (0.9 ml) were then incubated with 0.1 ml of wild-type DNA for 30 min. In experiment 5, 0.1 ml of cells, 0.1 ml of DNA, and 0.8 ml of TM broth were incubated together for 3 hr. Transformants were scored on minimal 10 agar, supplemented as necessary.
t The concentration of glycerol was increased from 0.5 to 1.2%, the optimal concentration for M18-Dl in BLSG.
t The concentration of glycerol was reduced from 1.2% to 0.5%7, the optimal concentration for the M28 series of mutants in NBSG-X. (gly/ser-his-) were grown for 18 hr in NBSG-X. Tubes containing 0.8 ml of TM broth and 0.1 ml of cells (2.4 X 108) were incubated for the times indicated. Wild-type DNA (0.1 ml) was added, and incubation was continued for the times indicated. Transformants were scored on minimal 10 agar for his+, and on minimal 1 agar supplemented with histidine and 0.01% of Casamino Acids for gly/ser+. achieved after cells were incubated in TM broth for about 3 to 4 hr, and this high level of competence was maintained through the 6th hr. After this time, the number of transformants decreased, but even after 8 hr, which was the longest period tested, about 0.5 % of the cells transformed. Control experiments were done in which cells were allowed to continue incubating in their growth medium. At hourly intervals, 0.1-ml samples were removed and were incubated for 30 min with 0.1 ml of DNA and 0.8 ml of TM. In such tests, the frequencies of transformation were always several-fold lower than those obtained with cells of the same culture incubated for an optimal period in transformation medium. Table 9 demonstrates that M18-DI also developed competence in transformation medium. Results were similar to those obtained with the M28 series of mutants. With both types of mutants, determinations of viable cells at periods up through 6 hr indicated that the number of cells did not change significantly during incubation in transformation medium. Also, with each of the two types of mutants, cells developed competence in transformation medium equally well, whether 25-ml samples were incubated with shaking in 250-ml flasks or 0.9-ml samples were incubated with shaking in test tubes.
Effect of time of exposure to DNA. Table 10 shows the effect of various periods of exposure to DNA on the number of transformants obtained. With cells that had been incubated for an optimal period of time in transformation medium, greater than 0.1% transformation was obtained during an exposure period of 5 min. Between 1 % and * Cells were grown for 18 hr in BLSG, diluted 1:16 in BL broth, and incubated for 5 hr (25 ml per 250-ml flask). Samples (0.9 ml) containing 6.4 X 107 cells were incubated with 0.1 ml of wild-type DNA for the indicated times. For the sample exposed to DNA for 120 min, 0.9 ml of cells was removed from the flask after 2 hr and was incubated with 0.1 ml of DNA for 2 hr. Transformants were scored on minimal 10 agar supplemented with arginine for ad+ and with adenine for arg+.
2% of the cells were transformed in 15 min, and the number of transformants increased still further in 30 min.
An interesting fact is that with both types of mutants, exposure to DNA for periods longer than 30 min always produced more transformants (Table 8 , 9, and 10). The maximal number of transformants was obtained when cells were exposed to DNA for a period of 2 to 3 hr. DIscussioN These experiments demonstrate that two types of mutants derived from B. licheniformis 9945A had different requirements with respect to optimal medium for growth of transformable cells. The original medium used for both types of mutants was NBSG (Table 2) , and it was later modified into BLSG for the M18 type of mutants (5) and NBSG-X for the M28 type. The most important difference in the two modified media is in the phosphate concentration. Apparently, the physiology of M28 type is such that the high phosphate concentration, almost 0.5 M, is conducive to the development of transformable cells. Glycerol is an important constituent in the medium for both mutant types, although the optimal concentrations vary somewhat. When glucose was substituted for glycerol, very few, if any, transformants were obtained. Glycerol inhibits sporulation of B. licheniformis (3), and we believe this is one reason it is such a critical factor in the medium for growing transformable cells.
Except for their specificities with respect to medium for growth of transformable cells, the two types of mutants were very much alike. Each became competent in either of the two transformation media studied; the two had similar colonial morphologies; both were phenotypically as well as genotypically rough (peptide-); and each type included variants that gave a wide range of transformation frequencies.
Information given in this report apparently eliminates specific auxotrophic markers as being responsible for the peculiarities of the two mutant types. When the ad-marker from a representative of one type was transformed into a representative of the second type, the specificity of the second type with respect to growth medium was not changed. Our hypothesis to account for the two types is that in addition to the original mutation resulting in auxotrophy, a second mutation occurred, resulting in a physiological change that rendered the cells transformable when grown under certain conditions. Although, according to transformation tests, competence developed during incubation of cells in transformation medium and persisted for several hours, the number of transformants that could be obtained in any 30-min period of exposure to DNA during the hours of maximal competence was never as high as the number that could be obtained by using longer periods of exposure. This finding is interpreted to mean that populations of cells were heterogeneous with respect to development of competence, and that during incubation in transformation medium, some cells gained competence, whereas others lost it. When DNA was present for a long period of time, cells were transformed as they became competent, and transformants accumulated throughout the period. However, when exposure to DNA was held to a shorter period, only those cells that were competent at the time were transformed. Alternative possibilities are that individual cells gained, lost, and regained competence in cycles, or that some cells took up DNA much more slowly than other cells. An obvious possibility is that, during longer periods of exposure to DNA, the number of transformants increased as a result of cell division (growth) of the transformants; this occurrence was ruled out in experiments in which continued incubation of transformation mixtures for several hours after deoxyribonuclease treatment did not result in increased numbers of transformants.
Although populations of cells developed maximal competence only after being transferred from growth medium to transformation medium, the length of incubation time in growth medium was a critical factor. Apparently, in growth medium, cells developed a condition that rendered them potentially competent. Although cultures exhibited this condition to some extent for several hours, the maximal potential for competence was usually not maintained for more than 1 to 3 hr. Neither the nature of the condition that renders the cells potentially competent nor the nature of the condition of competence itself is understood. The situation is somewhat, but not completely, analogous to that in the B. subtilis transformation system (1) . Cultures of B. subtilis strain 168 reached the condition of maximal potential competence during the late logarithmic growth period; cultures of transformable mutants of B. licheniformis did not reach this stage until after onset of the stationary phase. When a potentially competent culture of B. subtilis was transferred to a second growth medium, cells achieved competence toward the end of the logarithmic growth period; cells of potentially competent cultures of B. licheniformis developed competence during incubation in a second medium, although an increase m the number of cells could not be demonstratecd.
